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ABSTRACT

An extensive laboratory experimental campaign was undertaken in order to
elucidate the entrainment and dilution characteristics of constant-volume non-Newtonian
fluid mud gravity currents. Three experimental series were conducted in a lock-exchange
tank.

The first experimental series quantified ambient entrainment using a light-

opaqueness technique, the second experimental series measured vertical concentration
profiles using a siphoning technique, and the third experimental series provided visual
observations for the investigation of the deposited sediment layer.
In the first experimental series, a technique similar to the so-called light
attenuation technique was developed to find the boundary of the current, allowing for the
calculation of entrainment velocity.

It was found that the entrainment velocity is

dependent on different parameters in the different propagation phases. On the whole
however, the entrainment characteristics of a gravity current are found to be governed by
a competition between the entrainment-inhibiting density stratification effects and the
entrainment-favoring effects of turbulence. An entrainment velocity parameterization for
non-Newtonian fluid mud gravity currents is developed based upon the experimental
observations.
In the second experimental series, four unique initial conditions were studied,
with an array of siphoned samples being withdrawn throughout the head and body of the
gravity current. From these samples, the functional form of the vertical concentration
profiles inside the head of low-concentration gravity currents is proposed. The higher-

ii

concentration gravity currents revealed the presence of a lutocline in the current head and
body.

The presence of a lutocline has been observed for constant-release gravity

currents, but to the authors’ knowledge this is the first measurement of a lutocline in
constant-volume currents. The siphoned samples permitted for the quantification of
dilution due to ambient entrainment at different concentration contours in the gravity
current. The analysis of the experimental observations shows that the initial reduced
gravity is inversely proportional to the growth rate of the denser regions of the gravity
current.
In the third experimental series, visual observations were employed to study
abrupt transitions, which is a phenomenon where the bulk of the suspended sediment in a
propagating gravity current drops out. It was found that the presence of a lutocline can
trigger an abrupt transition, a conclusion that extends the currently accepted theory on the
root of such behavior. A semi-empirical equation was proposed that accurately predicts
the location of the abrupt transition. The results of this investigation are anticipated to be
valuable for prediction of the behavior of fluid mud gravity currents in dredge disposal
operations.

Keywords: gravity current; turbidity current; fluid mud; non-Newtonian; entrainment;
lock-exchange; constant-volume; concentration profiles; lutocline; abrupt transitions;
dilution
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CHAPTER ONE
INRODUCTION
1.1 STATEMENT OF THE PROBLEM
Coastal dredging is an extensive operation that is continually undertaken with the
objective of creating and maintaining ports, enhancing navigability of waterways, and
fashioning new land. In fact, few ports in use today would even exist without dredging
(Riddell, 2000). The US Army Corps of Engineers mission involves improvements on
roughly 40,000 km of channels and nearly 400 ports; this extensive operation results in
the dredging of an annual 230 million m3 of sediment, costing an estimated 400 million
US dollars annually (Hales, 1995). Nearly $100 million of this total is spent on the
dredging of cohesive sediments, which is the focus of this study (McAnally et al., 2007).
The disposal of dredged cohesive particles, such as clay, results in high
concentration gravity currents of fluid mud on the sea floor (Neal et al., 1978; Van Kessel
& Kranenburg 1996; Teeter 2000). In fact, an estimated 99% of the disposed fluid mud
is transported from the disposal site through these dense underflows (Teeter, 2001). The
propagation dynamics has been the topic of recent studies (Chowdhury et al., 2009;
Chowdhury & Testik, 2011). However, the entrainment characteristics of ambient water
into constant-volume fluid mud gravity currents and the subsequent dilution of the
current has not previously been investigated.
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1.2 MOTIVATION
This study provides fundamental knowledge for the flow characteristics of the
environmental impacts associated with the disposal of dredged material.

The

environmental effects of dredging can be segregated into three main categories: (i)
contaminated sediment, (ii) turbidity, and (iii) material disposal (Riddell, 2000).
(i)

Contaminated Sediment: The sediment on the floor of a port that is soon to be
dredged is often contaminated by industry and agriculture. The disposal of this
sediment allows the potential for pollutants to re-enter the water column and
spread (Riddell, 2000; McAnally et al., 2007).

(ii)

Turbidity: Through either the collection or disposal of dredged sediment, the
tendency for material to enter the water column is high (Riddell, 2000). This
turbid cloud blocks sunlight, which in turn adversely affects the benthic (seafloor)
community and is felt throughout the entire food web (Newell et al., 1998).
Knowledge of this turbid cloud is required to satisfy the Clean Water Act (Teeter,
2000).

(iii)

Material Disposal: The environmental acceptability of dumping dredged material
into the sea is becoming increasingly opposed. The perpetual removal of large
volumes of natural sediment inflow through maintenance dredging operations is
viewed as unsustainable (Riddell, 2000). Included in this category would be the
propensity for fluid mud gravity currents to overrun and kill all benthos in its path
(Nichols et al., 1978).
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It is important to note that these adverse environmental effects are not just felt at the
source of disposal. Teeter (2002) observed a discharge of roughly 5.2 x 105 m3 of fluid
mud propagate almost 3 km.
Moreover, fluid mud gravity currents may occur naturally, extending the
motivations for this study beyond dredge disposal operations. Some examples include
underwater landslides (Jiang, 1993), mountain slides from torrential rains (Mei and Yuhi,
2001), and mud beds that are fluidized by waves or current (McAnally et al., 2007; Mehta
& Srinivas, 1993). The flow of fluid mud is complicated by the fact that mixtures of
cohesive Kaolinite particles and water are well established non-Newtonian fluids (Mehta,
1989). Non-Newtonian gravity currents are not only observed for the flow of fluid mud;
colloids, fresh magma, and polymeric liquids also exhibit this behavior (Di Federico et
al., 2006). Despite the presence of non-Newtonian gravity currents in industry and
nature, studies elucidating their dynamics are lacking. Thus, this study provides much
needed insight on the fundamentals of non-Newtonian gravity currents.
1.3 RESEARCH APPROACH AND OBJECTIVES
The primary goal of this work is to quantify the entrainment and subsequent
dilution of propagating gravity currents. Entrainment of ambient into gravity currents has
serious implications for the generated turbidity and the final fate of dredged sediment.
Further, if the gravity current is contaminated with some pollutant, accurate knowledge of
the gravity current dilution is essential. This study features an exhaustive experimental
test campaign with the following primary objectives:
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To parameterize the entrainment and dilution characteristics of constant-volume
fluid mud gravity currents



To quantify the effect that the initial fluid mud concentration and rheology has on
the entrainment characteristics



To elucidate the concentration structure of a fluid mud gravity current and the
associated temporal and spatial variation within



To explicate the dilution of the concentrated regions of propagating gravity
currents and determine how the aforementioned concentration structure dictates
this dilution



To investigate the responsible mechanisms that governs the deposition pattern in
fluid mud gravity currents



To provide a large high quality data set pertaining to different characteristics of
constant-volume fluid mud gravity currents.

1.4 ORGANIZATION OF THESIS
This thesis is organized as follows: In Chapter 2, a literature review related to the
broad topic of dense gravity currents and their relation to fluid mud is given. In Chapter
3, the experimental setup and methodology is presented. In Chapters 4 through 6, the
results and in-depth discussions of the experiments described in Chapter 3 are presented.
Lastly, Chapter 7 gives conclusions and recommendations for future work.
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CHAPTER TWO
LITERATURE REVIEW
In this chapter, a review of the literature centered on gravity currents and specific
relevant phenomena will be provided. As discussed in Chapter One, the disposal of
dredged material results in the formation of fluid gravity currents that propagate on the
sea floor. Only a handful of investigations have been focused specifically on fluid mud
gravity currents; however, many of the concepts, results, and conclusions of studies
focused on a gravity current composed of a different medium are useful in this analysis.
2.1 GRAVITY CURRENTS
Gravity currents, also called density currents or buoyancy currents, occur when a
fluid of a certain density flows primarily horizontally into a fluid of different density.
The root of this density difference can vary: in a homogenous gravity current the density
difference is due to the presence of a dissolved material and/or temperature difference.
The density difference in particle-driven gravity currents is the result of suspended
particles (Bonnecaze et al., 1993). Particle-driven gravity currents are abundant in nature
and industry. Examples include powder-snow avalanches, the deadly nuée ardente flows
associated with volcanic eruptions, and industrial effluent containing pollutant-absorbed
sediment (Ancey, 2004; Simpson, 1997; Bonnecaze et al., 1993). Gravity currents, a
fundamental fluid mechanics phenomenon, have been justifiably studied extensively. For
a complete review of the fundamentals and the ubiquitous nature of gravity currents,
please see Simpson (1997), Huppert (2006), Ungarish (2009). This introduction will
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assume that density of the intruding fluid (ρc) is greater than the density of the ambient
fluid (ρa); this assumption is solely for simplicity and definitiveness and the information
presented is applicable for the reverse scenario.
Based on the source configuration, there are two major types of gravity currents:
constant-volume (or fixed-buoyancy) and continuous-flux (or continuous-buoyancy).
Constant-volume gravity currents are generated in the laboratory through use of a lockexchange tank. As shown in Fig. 2.1, in a lock-exchange tank the two fluids of different
densities are separated by a vertical barrier, with the section containing the intruding fluid
being termed the reservoir.

Figure 2.1. Typical lock-exchange tank. (a) shows the tank before removal of the lock
gate. (b) shows the tank after the lock gate removal. The darker lower region in (b)
represents the dense underflow, while the lighter upper region represents the diffuse
wake of the head. Figure not drawn to scale.

The vertical barrier is swiftly removed, and the intruding fluid collapses into the
receiving ambient, eventually giving way to a constant-volume gravity current.
Continuous-flux gravity currents are generated using an experimental setup similar to a
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lock-exchange setup with the difference being a continuous supply of intruding fluid.
Upstream of the head of a continuous-flux current, a steady state flow is assumed, which
is not the case for the constant-volume current. Please note that most continuous-flux
studies consider constant-flux inflow conditions. Consequently, the term constant-flux
will be used, regardless whether the inflow-rate is constant or not. Because the focus of
this study is on constant-volume currents, lock-exchange experiments were conducted.
2.2 PROPAGATION PHASES
The propagation of a constant-volume gravity current has been studied
extensively (Huppert & Simpson, 1980; Rottman & Simpson, 1983; Bonnecaze et al.,
1993; Chowdhury & Testik, 2011) and is divided into phases governed by the driving and
resisting forces. First there is an adjustment phase, typically referred to as the slumping
phase, in which the intruding fluid collapses into the receiving ambient. This phase is
followed by the inertia-buoyancy (self-similar) phase, in which the driving buoyancy
force is counteracted by the resisting inertial force. Eventually, resisting viscous forces
dominate over inertia forces causing the current to transition into what is termed the
viscous-buoyancy phase.
The initial slumping phase encases the adjustment from a column of fluid mud to
a gravity current with a typical head and body. Rottman and Simpson (1983) showed that
during this phase, the length of the current grows as follows:
xN ~  g a H 0 

1/2
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t

(2.1)

where xN is the length of the current from the lock gate location to the nose,

g 'a  g

 c   a 
a

is the reduced gravity, g is gravitational acceleration, and H0 is the

initial depth of the fluid mud suspension in the reservoir and the ambient water. Reduced
gravity in terms of the intruding fluid density, g 'c  g

 c   a 
c

, is also commonly

employed in literature. Both varieties of the reduced gravity, g’a and g’c, are used in this
study. The rapid removal of the lock gate at the start of the experiment generates a
surface bore that propagates toward the back wall of the lock. After the bore reflects off
the back wall, it eventually overtakes the nose of the current, marking the end of the
slumping phase and the commencement of the inertia-buoyancy phase. It has been
shown experimentally that the current travels roughly 9 to 10 lock lengths (x0) before the
termination of the slumping phase (Rottman & Simpson, 1983). Chowdhury & Testik
(2011) extended this work for fluid mud gravity currents and found that this transition
time (t*) has been shown to occur as follows:

t* ~

x0
g a H 0

(2.2)

Rottman and Simpson (19830) discovered that during the inertia-buoyancy propagation
phase, the current length grows in the following manner:
xN ~  ga H 0 x0  3 t
1
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2

3

(2.3)

As the gravity current propagates in the inertia-buoyancy phase, the resisting
inertia force decreases while the resisting viscous force increases. After some time, the
viscous force becomes comparable to the inertia force, signifying the transition into the
viscous buoyancy phase. For non-Newtonian gravity currents, this transition time is
shown in Eq. (2.4) while Eq. (2.5) expresses the manner in which the gravity current
grows. Equations (2.4) and (2.5) were developed by Chowdhury & Testik (2011) and
simplify into their Newtonian counterparts with the appropriate rheological constants.
1

  3 A n 3  n  6
t ** ~  c3 0 2 n 
 m g c 

xN ~ A0

2 n
2 n 3

(2.4)

1

n
 c gc  2 n3 2 n 3
t


 m 

(2.5)

where t** is the inertia-buoyancy to viscous-buoyancy transition time, A0 is the initial
volume of intruding fluid released per unit width (i.e. A0  x0 H 0 ), and m and n are nonNewtonian rheological constants that will be explained in Section 3.6.
2.3 GRAVITY CURRENT ANATOMY
As shown in Fig. 2.1, during propagation the anatomy of a constant-volume
gravity current can be described as a head, a body, and sometimes a tail (Kneller &
Buckee, 2000). The mass and momentum balance in the head differs significantly than in
the body (Middleton 1993); the head must displace the stationary ambient water resulting
in a greater thickness than the trailing body. The head is characterized by a distinct
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overhanging nose, which is a direct result of the no-slip boundary condition at the bottom
boundary. The height of the overhanging nose is a function of the Reynolds number of
the current head (Britter & Simpson, 1978; Simpson & Britter, 1979).

The upper

interface between the head and the ambient is characterized by two types of turbulence
structures: (i) the lobe-and-cleft structure, and (ii) Kelvin-Helmholtz instabilities
(hereinafter K-H billows) (Britter & Simpson, 1978; Simpson, 1997; Chowdhury et al.,
2009; Peng & Lee, 2010).
Britter & Simpson (1978) reasoned that the lobe-and-cleft structure at the upper
boundary was a direct result of the overhanging nose. Because the overrun ambient fluid
is gravitationally unstable, it will ascend within the current. The visible evidence of this
ascent is the lobe-and-cleft instability. However, this claim has been disputed by some in
recent years: please see Hartel et al. (2000a & b) for an in-depth discussion on this
interesting debate.

As the current propagates, the clefts are absorbed or absorb

neighboring clefts; thus, all lobes are continually shrinking or swelling. Once a lobe
reaches a maximum size, a new cleft forms within it (see Simpson, 1997). Cantero et
al.’s (2008) simulation also elucidated the flow structure of the lobe and cleft instability.
In this study it was found that near the bottom boundary there existed “quasi-streamwise
vortices”.
The K-H billows are a common type of instability seen between stratified shear
layers and are characterized by a series of rolled vortices that grow, are arrested by
stratification, then subsequently break down (De Silva et al., 1996). The strength and
frequency of the K-H billows decrease throughout propagation and are absent in the
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viscous-buoyancy phase (Cantero et al., 2007 & 2008). In a constant-volume gravity
current, the K-H billows form at the head, progress along the upper boundary, and then
decay in the body. The role of K-H billows on the dilution of the gravity current will be
further explored in Section 2.4.
Relative to the amount of research conducted on gravity current heads,
considerably fewer studies have been conducted on the body of gravity currents. The
body of a constant-volume gravity current is characterized by a thin, dense underflow
beneath the diffuse wake of the head (Cantero et al., 2008). On the contrary, the body of
a constant-flux is characterized by a thick, dense underflow originating from the source.
This constant-flux underflow propagates roughly 10% faster than the current head and is
responsible for the perpetual replenishment of the head (Britter & Simpson, 1978;
Hallworth et al., 1996).
2.4 ENTRAINMENT AND MIXING
Though a gravity current maintains a distinct dividing boundary between the
current and the ambient fluid throughout its entire life, intense mixing occurs across this
boundary indicating no such sharp density transition exists (Middleton, 1993). Mixing
across a density interface is a complex and wide reaching phenomenon. Though many
such mixing mechanisms exist (Fernando, 1991; Breidenthal, 1992; Princevac et al.,
2005), that of concern in this study is an inflow velocity, we, (hereinafter known as
entrainment velocity) normal to the interface (shown in Fig. 3.1).

The previously

introduced K-H billows and overhanging nose are the cause of the entrainment of
ambient water into gravity currents.
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The entrainment of ambient fluid into propagating gravity currents has rather
significant effects. For example, because flammable methane gas released during coal
mining operations spreads as a gravity current, it is necessary to know when entrainment
of the ambient air has diluted this deadly flow to a safe level (Simpson 1997). Also,
entrainment governs the motion of gravity currents (Ellison and Turner 1959), a claim
substantiated by the measurable impact of natural flows (Cenedese and Adduce 2010).
Consequently, obtaining accurate knowledge of the evolution of gravity current dynamics
necessitates a thorough and sound understanding of entrainment.
Most entrainment analyses for gravity currents have been conducted using
constant-flux gravity currents. So long as fresh ambient fluid is steadily supplied to the
system (to account for the ambient lost through entrainment), the flow can be considered
steady state.

Typically, these analyses assume the Morton-Taylor-Turner (MTT)

entrainment hypothesis, expressed as:
we
E
U

(2.6)

Here U represents characteristic velocity, and E is the entrainment coefficient (Morton et
al., 1956; Turner, 1986).

Typically E can be parameterized as some function of

Richardson number, Ri, defined as follows:

Ri 

g 'a hc cos
U2
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(2.7)

where hc is some characteristic height of the flow and α is the channel slope. It is well
established that stable density stratification inhibits mixing (Ellison & Turner, 1959).
Thus, it is intuitively appealing that Ri, which gives a measure of the stability of the
stratification, has been successfully used to parameterize E.

Fernando (1991)

summarizes 30 of these empirical entrainment laws (i.e., E(Ri)). Perhaps one of the most
popular entrainment laws was parameterized by Turner (1986) using laboratory
experiments conducted by Ellison and Turner (1959). It is expressed in the following
equation:

E

0.08  0.1Ri
for Ri  0.8
1  5Ri

(2.8)

According to Turner (1986), for Ri > 0.8, entrainment is negligible because the
stratification cannot be overcome. Through one of the earlier experiments on particle
driven gravity currents (composed of non-cohesive silt particles propagating down a
sloped bed), Parker et al. (1987) proposed an entrainment law of the form:

E

0.075

1  718Ri 

2.4 0.5

.

(2.9)

Regarding fluid mud, Kranenburg & Winterwerp (1997) developed an
entrainment law that is dependent upon experimental condition constants, including a
friction factor and model coefficients for shear production and storage term (for an
application of this model, see Van Kessel & Kranenburg, 1996). These entrainment laws
consider only steady state constant-flux gravity currents (measurements only being made
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in the body). Negligible temporal changes in shear that creates the K-H billows renders
the entrainment measurement procedure for constant-flux currents adequate; however, in
constant-volume gravity currents, the thick, concentrated head is the source of the shear
that creates the K-H billows that mix into the thin body.

Such an interaction is

accompanied with significant temporal and spatial changes.
Significantly less work has been conducted on entrainment into constant-volume
gravity currents. The studies that have been completed lead to contradictory results.
Hallworth et al. (1993) completed perhaps one of the most interesting studies on
entrainment into constant-volume gravity currents.

Here the intruding fluid was

composed of a base and a pH indicator and flowed into an acidic ambient. The pH
indicator allowed for the quantification of the amount of acidic ambient that was
entrained into the basic current.

Using this arrangement, Hallworth et al. (1993)

determined that the head was not diluted during the slumping phase. This result was
explicitly contradicted Hacker et al. (1996), who found all fluid in the head to be diluted
to some degree during this phase. Hacker et al. (1996) used the principles of light
attenuation and image processing software to reach this conclusion. Using dimensional
analysis Hallworth et al. also determined that the initial reduced gravity does not impact
entrainment rates; this result was bolstered by their experimental data. Nonetheless, this
conclusion was also explicitly contradicted by Parsons & Garcia (1998) who conducted
“pinned-nose” experiments similar to that of Britter & Simpson (1978). They concluded
that entrainment into the head is dependent upon a Reynolds number based upon the cube
root of the buoyancy flux and the height of the current. Finally, Hallworth et al. stated
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that the overridden fluid is responsible for approximately two-thirds of the total
entrainment into the head. This conclusion is in contrast to the findings of others that KH billows account for the majority of the entrainment (Simpson and Britter 1979; Parsons
& Garcia 1998). Clearly, more work is required to resolve these different conclusions.
2.5 CONCENTRATION STRUCTURE
The extent and severity of this mixing has serious impacts on the concentration
profiles observed in gravity currents. Numerous studies have measured the concentration
profiles in constant-flux gravity currents, some of which will be presented below. The
majority of studies that have observed concentration profiles have been found to be one
of two forms: (i) a smooth profile, as shown in Fig. 2.2a, or (ii) a stepped profile, as
shown in Fig. 2.2b. Specific to this present study, a lutocline profile, shown in Fig. 2.2c,
and a plume-like profile, shown in Fig. 2.2d, will be introduced here.
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Figure 2.2. Various concentration profiles found in literature. (a) Smooth profile, (b)
Stepped profile, (c) Lutocline profile, (d) Plume-like profile. (b), (c), and (d) differ in the
responsible mechanisms and the severity of the gradient.

Smooth Profile (Fig. 2.2a). In one of the earlier studies on gravity currents, Ellison &
Turner (1959) studied concentration profiles in constant-flux gravity currents. They
observed a steep concentration gradient near the bottom boundary that fell off rapidly
near the height of the velocity maximum. Van Kessel and Kranenburg (1996) performed
constant-flux experiments of fluid mud gravity currents down a slope. For currents with
ρc < 1150 g/L, a profile similar to that presented by Ellison & Turner was observed.
Garcia (1993 & 1994) conducted both sediment-laden and saline constant-flux
experiments to study the effect of hydraulic jumps and a curt decrease in slope on dense
underflows, using optical probes to obtain concentration profiles. It was discovered that
upstream of the slope break (corresponding to supercritical flow), the concentration
profile is most similar to the smooth profile.
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Stepped Profile (Fig. 2.2b). After the slope break (corresponding to subcritical flow),
Garcia (1993 & 1994) found a layer of nearly constant density extended up to the
velocity maximum that then decreased dramatically in the vertical direction.
Lutocline Profile (Fig. 2.2c). In addition to the smooth profile discussed above, Van
Kessel and Kranenburg (1996) also found that for currents with ρc > 1150 g/L, a profile
with a sharp lutocline was discovered. As will be discussed in more detail later, at
sufficient concentrations fluid mud is a non-Newtonian fluid; Van Kessel and
Kranenburg credit the lutocline to this non-Newtonian rheology. At relatively high
concentrations, the viscosity of the fluid mud damps out turbulent mixing, leading to the
lutocline.
Plume-Like Profile (Fig. 2.2d). To be discussed in depth in Chapter 4, profiles that
follow the shape of the concentration structure in plumes were observed in this study.
These profiles are essential half of a Gaussian profile and can be characterized as a dense
lower layer beneath that then develops a considerable larger gradient in the vertical
direction.
Please note the differences in the stepped, lutocline, and plume-like profiles. The
differentiation stems from the severity of the concentration gradient and the responsible
mechanisms. The lutocline profile features the most extreme gradient followed by the
stepped profile and then the plume-like profile. The presence of the lutocline is credited
to the fluid rheology while Garcia (1993) credited the stepped profile to the flow behavior
in the subcritical regime. The presence of the plume-like profile will be discussed in
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Chapter 4. Despite the literature featuring concentration profiles derived from constantflux gravity currents, the presence of concentration profiles derived from constantvolume gravity currents is lacking. This study aims to shed light on the evolution and
shape of constant-volume gravity current concentration profiles and their influence on
entrainment dynamics.
2.6 ABRUPT TRANSITIONS
One interesting feature regarding the concentration structure of lock exchange
gravity currents that has been the focus of a few studies is the development of an abrupt
transition, as defined by Hallworth & Huppert (1998). Hallworth & Huppert found that
for currents with sufficiently high concentrations of suspended particles, the viscousbuoyancy phase is accompanied with the bulk of the current coming to an abrupt halt,
resulting in the deposition of the majority of the sediment in the current. The extent of
the deposition was described as a “pronounced, steep snout” because only negligible
amounts of sediment settled beyond this abrupt transition. The relatively minor amount
of sediment remaining in suspension progressed beyond the abrupt transition as a slowmoving, dilute cloud.
Amy et al. (2005) extended the work of Hallworth & Huppert and explored the
presence of abrupt transitions in homogenous gravity currents. Amy et al. credited the
presence of abrupt transitions to dynamic changes in the propagation phases, in that the
slumping phase transitions directly to the viscous-buoyancy phase. This conclusion was
bolstered by a collapse of the dimensionless abrupt transition distance (xT/x0, where xT is
the location of the snout) against the ratio of propagation phase transition length scales
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(i.e., the

slumping/inertia-buoyancy transition

length

buoyancy/viscous-buoyancy transition length scale).

scale over the inertia-

By comparing the propagation

phase transition times (Eq. (2.2) & (2.4) in this manuscript), Amy et al. was also able to
suggest critical Reynolds numbers for the occurrence of abrupt transitions. Please note
that the term abrupt transition was given to this phenomenon by Hallworth & Huppert
(1998) and originally stems from an abrupt change in the deposited sediment profile.
This original convention did not refer to the propagation phases or transition times. Thus,
the term abrupt transition will be used throughout this study to indicate the deposited
snout of sediment and is not meant to imply an abrupt transition from the slumping phase
to the viscous-buoyancy phase.
In this present study, the controlling factors for the occurrence of an abrupt
transition in fluid mud gravity currents are elucidated. The development of an abrupt
transition may have important practical implications. In dredge disposal operations, a
mound of sediment is often observed (see Hales, 1995); an abrupt transition may be one
of the mechanisms in this development.

Amy et al. (2005) provided a stimulating

discussion on the possibilities of abrupt transition in naturally occurring flows. It was
concluded that the Reynolds number of natural flows (such as underwater landslides)
would be too large to permit an abrupt transition. However, it was shown that mitigating
circumstances exist, such as a slope change or advanced sedimentation that might
promote abrupt transitions.
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CHAPTER THREE
EXPERIMENTAL SETUP AND METHODOLOGY
Three series of experiments were conducted in a typical lock-exchange tank. The
lock-exchange tank and analyses common to all experimental series will be discussed in
Section 3.1. The first experimental series utilized a light opaqueness technique and
quantified the entrainment of ambient water into propagating gravity currents, as
described in Section 3.2. Section 3.3 describes the second experimental series, in which a
siphoning technique elucidated the concentration structure of constant-volume gravity
currents. The final experimental series investigated abrupt transitions and is chronicled
in Section 3.4.
3.1 LOCK-EXCHANGE TANK
All experiments were conducted in a typical lock-exchange tank as shown in Fig.
2.1. The experimental parameters of such a flow are shown in Fig. 3.1.

Figure 3.1. Experimental parameters of a propagating 2D constant-volume gravity
current. The veritcal dashed line indicates the initial position of the lock gate before
removal. we is the entrainment velocity normal to the current buondary, U is the nose
velocity, h is the current height, H0 is the lock and ambient height, xN is the current length
measured from the lock gate, and x0 is the lock length.
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The tank is made of Plexiglas and its dimensions are 430 cm long, 25 cm wide and 50 cm
high. The tank consists of two sections: an experimental section initially filled with tap
water and a reservoir section initially filled with high concentration fluid mud mixture to
the same height as the water level in the experimental section. A mixing tank was used to
prepare homogeneous fluid mud mixtures to the desired concentration.

Fluid mud

suspensions were prepared by using a mechanical mixer to stir cohesive Kaolinite clay
particles (mean particle diameter of 0.7 µm and particle density of 2.62 g/cm3) with tap
water. The densities of the prepared fluid mud suspensions, ρc, were measured by an
Anton Paar DMA-35 densitometer that has an accuracy of 0.001 g/cm3.

The

experimental and the reservoir section are separated by a removable aluminum plate
located 24.5 cm (x0 = 24.5 cm) from the end wall of the reservoir section. To prevent the
leakage of fluid mud into the clean water, the gate was sealed with petroleum jelly around
its edge. Experimental fluid mud gravity currents were generated by swiftly removing
the aluminum plate. A photograph of typical constant-volume fluid mud gravity current
is presented in Fig. 3.2.

Figure 3.2. Photograph of typical constant-volume gravity current. The current has
propagated 95 cm in this image (xN = 95 cm).
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3.1.1 Experimental Front Position & Propagation Phase Transitions
The generated gravity currents were filmed by two Canon CCD camcorders. For
camera measurements, the tank was marked by forty vertical reference lines, one at every
10 cm from the lock gate to the end of the downstream section of the tank, which were
necessary to obviate optical distortion errors associated with such large field of views
(~200 cm per camera). In analyzing the data, the recorded videos were first digitized to
30 frames per second. The pixel locations of all reference lines were then determined and
the physical location of the experimental current front was interpolated using the pixel
location of the nose and the two nearest vertical reference lines. Interpolating the nose
position using the surrounding vertical reference lines is functionally identical to defining
optical calibration factors. Obtaining the current height was similarly achieved, with the
interpolation reference points instead being the bottom of the tank and the water level. It
was found that this method of interpolating the digitized images yielded a maximum error
of 1% of the current length and 6% of the current height.
The transitions between propagation phases (i.e. slumping phase to inertiabuoyancy phase and inertia-buoyancy phase to viscous-buoyancy phase) were determined
following the procedure explained by Rottman & Simpson (1983). A succinct discussion
will be presented here: the dimensionless current length ( L  xN x0 ) vs. dimensionless

time  T 

x0


t
g a H 0


 was plotted on a log-log scale. The slope of this curve was used



to determine transition times. The slumping phase is characterized by a slope of 0.95, the
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inertia-buoyancy phase is characterized by a slope of 2/3, while the viscous-buoyancy
phase is characterized by a lesser slope that is a function of the fluid mud rheology. For a
more in depth discussion, please see Chowdhury & Testik (2011).
3.2 LIGHT OPAQUENESS TECHNIQUE
The first experimental series featured a total of 24 experimental runs, as tabulated
in Table 3.1. These experimental runs were conducted using 3 different water heights
(H0 = 15, 21, and 25 cm) and 8 different fluid mud concentrations (CM = 50 g/L to 400
g/L, in 50 g/L increments). Please note that the fluid mud concentration is reported in
two different forms: mass concentration (CM = Mp/Vw), and volume concentration [CV =
Vp/(Vp+Vw)], where Mp is the mass of the clay particles, Vw is the volume of water, and Vp
is the volume of the particles in the fluid mud suspension.
The entirety of the lock-exchange tank was backlit by fluorescent strip lighting
and drafting paper was used to diffuse the light (creating uniform backlighting), as
illustrated in Fig. 3.3.

Figure 3.3. Schematic of light-opaqueness experimental setup immediately before
initiation of gravity current: 1 – tap water, 2 – fluid mud suspension prepared in a
separate mixing tank (not shown), 3 – removable aluminum lock gate, 4 – vertical
reference lines, 5 – drafting paper, 6 – fluorescent light strips, 7 – Canon CCD video
cameras
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Table 3.1. Experimental parameters for all light opaqueness experimental runs. The m
and n indices are defined in Eq. (3.3).

Exp. #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

CM
CV Measured ρc H0
(g/L) (%)
(g/cc)
(cm)
50
100
150
200
250
300
350
400
50
100
150
200
250
300
350
400
50
100
150
200
250
300
350
400

1.9
3.7
5.4
7.0
8.7
10.2
11.8
13.2
1.9
3.7
5.4
7.0
8.7
10.2
11.8
13.2
1.9
3.7
5.4
7.0
8.7
10.2
11.8
13.2

1.0407
1.0566
1.0899
1.1071
1.1317
1.1583
1.1708
1.1983
1.0366
1.0595
1.0895
1.1069
1.1325
1.1572
1.1757
1.1937
1.0325
1.0584
1.0945
1.1089
1.1333
1.1585
1.1806
1.1891

15
15
15
15
15
15
15
15
21
21
21
21
21
21
21
21
21
25
25
25
25
25
25
25
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Rheological Properties
m (Pa sn)

n

0.0016
0.0800
0.1100
0.8300
1.6500
2.9000
4.6300
7.0000
0.0016
0.0800
0.1100
0.8300
1.6500
2.9000
4.6300
7.0000
0.0016
0.0800
0.1100
0.8300
1.6500
2.9000
4.6300
7.0000

1.00
0.34
0.33
0.19
0.17
0.16
0.15
0.14
1.00
0.34
0.33
0.19
0.17
0.16
0.15
0.14
1.00
0.34
0.33
0.19
0.17
0.16
0.15
0.14

3.2.1 Thresholding
Following Hacker et al. (1996), the slope of the dimensionless area, A' = Ax>0 / A0,
against dimensionless length, L = xN / x0, curve can provide some measure of the
entrainment of ambient water into a gravity current. Here Ax>0 is defined as the visible
side view area of the gravity current and A0 is the initial visible side view area of the lock.
In order to obtain the side-view area of the generated two-dimensional (2D) current, a
thresholding technique was used in a similar manner to the light-attenuation technique
explained by Cenedese & Dalziel (1998). An example of a thresholded image is shown
in Fig. 3.4.

Figure 3.4. Comparison of the recorded and thresholded image of a typical gravity
current propagating in the experimental tank.
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For this thresholding technique, all frames were first converted to gray scale. The frame
immediately preceding the removal of the lock gate was chosen as the base image; the
light intensity of each pixel in this frame is termed I0. Next, the light intensity of each
pixel in every following image was divided by the initial light intensity of the
corresponding pixel in the base image (I/I0), yielding a ratio of the light that successfully
passed through the tank to the initial amount of light at that location. This intensity ratio
was then thresholded, i.e. all intensities below a certain value were assumed as part of the
current, while all intensities above a certain value were not included in the current.
Visual analyses indicated that a threshold value of 0.75 would yield an accurate boundary
(i.e. I/I0 ≤ 0.75 was considered part of the current). In order to determine the error
associated with this procedure, the visible area was manually outlined in five randomly
selected frames and compared to the area calculated through the thresholding technique.
It was found that the thresholding technique (with the threshold value of 0.75)
accommodated a percent error of less than 1%.
Finding a physically meaningful area from the pixels that passed the threshold
was similar but slightly more complex than obtaining accurate front positions and current
heights as described in Section 3.1.1. The pixels contributing to the current area were
counted within each 10 cm wide section bounded by the adjacent vertical reference lines,
free surface, and the tank bottom. The total number of pixels in a given 10 cm wide
section was counted. As the physical area of a 10 cm wide section was known (H0 * 10
cm), a comparison of the current area in pixels in each 10 cm wide section to the total
number of pixels permitted a calculation of the physical area of the current in a given
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section. Summing up the calculated current areas for all sections yielded the total area of
the gravity current. Similar to the front position calculations, dividing the area into 39
separate sections is considerably more accurate than considering the tank as a whole, due
to optical distortion errors. The area inside the reservoir section was not taken into
account; although this is not ideal, fluid mud was smeared on the wall inside the lock,
blocking the light and effectively voiding any area measurements. Because such voiding
would have the most profound impact immediately after the lock is removed, no data for
the first 50 cm after the lock gate was used in the analysis of this experimental series.
Typically when using a light attenuation technique, an I/I0 versus concentration
calibration curve is prepared, permitting concentration measurements. However, this
procedure is not possible when the medium is fluid mud. A mixture with a concentration
of less than 1 g/L completely blocks all light across the width of the tank. Consequently,
accurate concentration contours similar to the ones presented in Fig. 1 of Hacker et al.
(1996) for saline gravity currents cannot be found. However, one concentration contour
corresponding to the boundary of the current with a concentration value that is less than 1
g/L for each experimental run is provided.

The differences between the optical

measurement technique used in this study and the light attenuation technique leads to the
terming of this technique as light opaqueness (instead of light attenuation); a subtle
differentiation, but important nonetheless.
Two potential reservations some may have with this technique will be addressed
at this time. First, this technique may be viewed as insufficiently robust for particledriven gravity currents as the differential settling may cause a non-uniform particle

27

distribution, which will skew the detected boundary. Nonetheless, the combination of the
time scale of the experiment and the turbulence of the gravity current will minimize such
distributions. Second, it may be argued that the boundary detected using this technique
outlines a zone of clouded water (see Kneller and Buckee, 2000) that is technically not
part of the gravity current. However, when considering some of the tangible applications
of this study (e.g., quantifying the extent of sunlight-blocking turbid water), the detected
boundary is strikingly consequential and the entrainment considerations are relevant.
3.2.2 Measured Current Characteristics
Images from each experimental run were analyzed in half-second intervals (i.e.,
every 15th frame). The following quantities were obtained at each time interval: sideview cross-sectional area of the 2D gravity current (A), current front velocity (U), head
height (h), and current length (xN). From these quantities, a Richardson number of the
form:
Ri 

g 'c h
U2

(3.1)

and a Reynolds number (Bonnecaze et al., 1993) of the form:

Re 

Uh h
 xN

(3.2)

were calculated. Here, ν is the kinematic viscosity of water. As will be discussed in
more depth later, though this Re was developed for Newtonian gravity currents, it is
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nevertheless a governing factor in the parameterization of the entrainment of Newtonian
ambient water into non-Newtonian gravity currents.
SIPHONING TECHNIQUE
The second experimental series featured a total of 32 experimental runs, as
tabulated in Table 3.2. In these experimental runs, vertical concentration profiles were
obtained using rakes with siphoning probes. The 32 siphoning experimental runs were
conducted at four unique experimental initial conditions, with eight experimental runs for
each initial condition.

The location of the siphoning rakes was varied for each

experimental run within each initial condition. As shown in Table 3.2, each initial
condition is given a group number that will be referred to throughout the remainder of
this manuscript. The repetition of the same experimental condition was undertaken in
order to collect concentration profiles a different positions throughout the gravity current
propagation.
As shown in Fig. 3.5a, six individual sampling rakes, (see Fig. 3.5b for a
photograph of a sampling rake) were used to get a total of 38 samples simultaneously.
Five of the sampling rakes held six probes, while one rake held eight; this extended rake
was always used to profile the gravity current head. The siphon to collect the samples
was created by a vacuum pump and two five gallon air tanks vacated to 20 in-Hg vacuum
pressure (see Fig. 3a). Two air tanks were used to ensure the sampling time was adequate
for accurate measurements. The probes were made of copper tubing (inside diameter of 6
mm) and were bent in such a way that the openings of the probes on a given rake were all
located at the same distance along the tank. In order to keep the submerged probes empty
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(i.e. no water in the copper tubing for accuracy of measurements) before the desired
sampling instant, the probe openings were sealed with petroleum jelly. To ensure the
quality of the seals, the rakes were lowered into the water where they remained for
roughly a minute, then raised back out of the tank; any probe that was compromised was
emptied then re-sealed and re-tested. Between each experimental run the tubes were
blown clear with compressed air in order to prevent any blockages due to a buildup of
petroleum jelly.
The sampling rakes and individual probes on the rakes were strategically placed
for each experimental run. The rakes were most dense around the current head, as the
concentration profiles were expected to vary most around the head.

Further, the

individual probes on each rake were most dense near the current bottom as the
concentration values were expected to vary most near the current bottom. One probe was
always positioned above the expected current height. Once the gravity current had
propagated the desired distance, the siphons were initiated by opening a solenoid valve.
As soon as the desired amount of sample (<0.5 seconds for ~ 25 mL) was acquired, the
solenoid valve was turned off (terminating the sampling) and a separate valve was
simultaneously opened that exposed the entire system to the atmosphere; this was to
ensure that any vacuum pressure remaining in the flasks, tubing, or rakes immediately
bled out. The concentrations of the collected samples were measured using the AntonPaar DMA-35 densitometer.
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Table 3.2. Experimental parameters for all siphoning technique experimental runs. The xR column
represents the distance of the rakes from the lock exchange gate throughout the gravity current body. The
ρc column gives experimentally measured values. The m and n indices are defined in Eq. (3.3).

Group

1

2

3

4

CM

Ci

H0

(g/L)

(%)

(cm)

150

250

350

350

5.40

8.71

11.8

11.8

21

21

21

25

Exp.
#

ρc

xN

xR

m

(g/L)

(cm)

(cm)

(Pa·sn)

25

1082

75

20, 40, 55

26

1082

125

20, 45, 70, 100

27

1084

170

20, 50, 80, 110, 145

28

1085

205

20, 70, 1, 150, 185

29

1083

250

20, 105, 155, 190, 227.5

30

1083

290

20, 112.5, 170, 230, 265

31

1083

330

20, 90, 170, 250, 307.5

32

1084

375

20, 120, 200, 295, 355

33

1133

75

20, 35, 55

34

1134

125

20, 40, 65, 80, 100

35

1135

170

20, 47.5, 80, 110, 145

36

1135

200

20, 65, 100, 140, 175

37

1132

250

20, 85, 145, 195, 225

38

1134

295

20, 90, 150, 225, 265

39

1135

330

20, 130, 205, 270, 305

40

1135

375

20, 90, 200, 285, 350

41

1186

75

20,40, 55

42

1186

125

20, 40, 60, 80, 100

43

1187

175

20, 52.5, 85, 125, 147.5

44

1189

200

20, 65, 95, 135, 170

45

1186

237.5

20, 75, 125, 170, 202.5

46

1188

290

20, 130, 200, 230, 262.5

47

1185

335

20, 115, 190, 252.5, 300

48

1187

375

20, 130, 230, 315, 350

49

1187

75

20, 40, 62.5

50

1183

125

20, 72.5, 102.5

51

1186

170

20, 50, 80, 120, 145

52

1184

205

53

1188

250

54

1188

290

20, 57.5, 112.5, 150, 185
20, 77.5, 142.5, 190,
227.5
20, 85, 142.5, 205, 267.5

55

1185

330

20, 92.5, 187.5, 265, 310

56

1188

375

20, 125, 205, 285, 347.5
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n

0.11

0.33

1.65

0.17

4.63

0.15

4.63

0.15

(a)

(b)

Figure 3.5. (a) Schematic of siphoning technique experimental setup immediately before
initiation of gravity current for siphoning technique experiments. Dotted lines indicate a
connection between the components through rubber tubing (conveying vacuum pressure).
1 – vacuum pump, 2 – two 5 gallon air tanks, 3 – solenoid valve, 4 – bleed valve, 5 –
Erlenmeyer flasks and rubber stoppers attached to the sampling rake (close-up shown in
(b)), 6 – sampling rake, 7 – removable aluminum lock gate, 8 - fluid mud suspension
prepared in a separate mixing tank (not shown), 9 – tap water, 10 – Canon CCD video
cameras. (b) Close-up image of a single sampling rake and associated Erlenmeyer flasks.
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3.2.3 Data Quality Checks
To ensure that experimental measurement errors were minimal, the following data
quality checks were performed:
i.

The experimental videos were analyzed to ensure that the sampling time and
duration were adequate. If the sampling was not conducted when the center of the
head was passing or if the sampling duration was longer than 0.5 seconds, the data
was deemed invalid.

ii.

If the density of one probe was significantly less than both neighboring probes, it
was assumed that the petroleum jelly seal was broken and that the sample
consisted mostly of ambient water. The corresponding data was deemed invalid.

iii.

The front position was compared to the experiments in Table 3.1 (in which no
rakes were present). If the experimental front position when the rakes were in
place varied significantly from the front position with no rakes, the data was
deemed invalid. In fact, an additional group of experiments (with 8 experimental
runs) with H0 = 15 cm were undertaken (not presented in this manuscript). For
this group of experiments, with a relatively small H0 value, the flow disturbance
due to the presence of the probes affected the propagation characteristics.
Consequently, no data from those experimental runs are considered in this
analysis.

3.2.4 Concentration Contour Algorithm
Density values measured from the collected samples were converted to CV values.
A computer algorithm was developed using MATLAB Version 7.11 Software that
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created concentration contours throughout the entire current using the CV values of the
collected samples as follows:
i.

The tank was computationally discretized using 16 nodes per cm2.

ii.

The measured CV values were divided by the initial CV of the fluid mud
suspension in the reservoir, yielding a ratio of the initial concentration. These
dimensionless concentration values were then assigned to the corresponding node
in the computational tank.

iii.

The concentration value at the lock gate was defined by extrapolating from the
values of the two rakes closest to the lock gate.

iv.

The boundary conditions were defined using artificial probes with CV = 0. Ten
artificial probes were defined 5 mm directly downstream of the current nose. One
hundred artificial probes were placed at the height of the water level.

v.

Concentrations throughout the entire current were found by interpolating in both
the x- and z- directions defined in Fig. 3.1. The MATLAB command used for the
interpolations was “TriScatteredInterp”.

Once the above algorithm is executed and the concentration structure throughout the
gravity current is known, the concentration contours throughout the gravity currents were
plotted allowing for a snapshot of a propagating constant-volume gravity current to be
obtained. As described in Section 3.2.1, the objective here was to find the slope of the
dimensionless area vs. dimensionless length curve. The area of concern here is defined
as the 2D area enclosed by a specified contour.
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3.2.5 Computational Ellipses
In order to validate the method of using discrete samples to obtain continuous
concentration contours and their associated areas, a sanity check was completed by
creating computational ellipses with known concentration structures. These profiles were
then “numerically sampled” at 36 discrete points, simulating six rakes each holding six
probes. Concentration contours were created from these numerical samples using the
algorithm developed for the experimental data. In an attempt to further simulate the
analysis of the experimental data, the computational ellipses grew in size and were again
sampled. Several of these computational sanity checks were completed with ellipses of
various density structures and sampling locations, the simplest of which is shown in Fig.
3.6. The area enclosed by the various contours of the ellipses created through numerical
sampling was compared to the corresponding areas in the computational ellipses. It was
found that using discrete sampling accommodated a percent error of less than 10% in the
area enclosed by the low concentration contours (i.e. < 15 %). However, to obtain
accurate high concentration contours the samples needed to be in a precise region and
sufficiently dense. Thus, it is important to state that any contour presented in this work
with a concentration value larger than 15% is only shown to provide the complete picture
of the gravity current and no quantitative results should be derived.
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(a)

(b)
Figure 3.6. Concentration maps of the generated computational ellipse (a) and the ellipse
created from the discrete numerical samples (b). (b) was generated using the developed
MATLAB algorithm described in Section 3.3.2. Please note that concentration maps and
concentration contours are functionally the same and concentration maps are shown here
only for visualization purposes. The shading of the image indicates concentration, i.e.
darker regions indicate higher concentration. The ● symbol represents hypothetical
probes and the ■ symbol represents articial probes, as discussed in Section 3.5.2.
3.3 VISUAL OBSERVATIONS
The third and final experimental series featured 15 experiments, as tabulated in
Table 3.3. In these experimental runs, no thresholding or siphoning was done and all data
was extracted from visual observations. The objective of these tests was to see under
what conditions and where an abrupt transition occurs.

The abrupt transition is a

conspicuous feature of high concentration gravity currents and is easily discernible by
eye. The location of this abrupt transition was recorded in this experimental series.
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Table 3.3. Experimental parameters for all siphoning technique experimental runs. The
m and n indices are defined in Eq. (3.3).
Exp.
#
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

CM

CV

ρc

H0

m

n

(g/L)
200
250
300
350
400
200
250
300
350
400
200
250
300
350
400

(%)
7.0
8.7
10.2
11.8
13.2
7.0
8.7
10.2
11.8
13.2
7.0
8.7
10.2
11.8
13.2

(g/L)
1120
1140
1166
1190
1214
1120
1140
1166
1190
1214
1120
1140
1166
1190
1214

(cm)
15
15
15
15
15
21
21
21
21
21
25
25
25
25
25

(Pa·sn)
0.83
1.65
2.90
4.63
7.00
0.83
1.65
2.90
4.63
7.00
0.83
1.65
2.90
4.63
7.00

0.19
0.17
0.16
0.15
0.14
0.19
0.17
0.16
0.15
0.14
0.19
0.17
0.16
0.15
0.14

3.4 FLUID MUD RHEOLOGY
It is well established that mixtures of clay and water exhibit non-Newtonian
rheology, specifically that of a pseudo-plastic or shear-thinning fluid (Mehta, 1989;
Whitehouse et al., 2000; Winterwerp & Kesteren, 2004). Assuming that the yield stress
of fluid mud is zero, the Herschel-Bulkley model can be simplified to the Ostwald powerlaw model, in the form of:
u
 m
z
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n 1

u
z

(3.3)

where τ is the shear stress, ∂u/∂z is the shear rate, n is the flow behavior index (a positive
real number), and m is the consistency index of the suspension (Ng & Mei, 1994; Huang
& Garcia, 1998; Chowdhury & Testik, 2011). The m and n values were determined
experimentally by Chowdhury & Testik (2011) for the fluid mud mixtures composed of
the same Kaolinite clay particles used in this study and those values are presented in
Tables 3.1, 3.2, and 3.3.
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CHAPTER FOUR
ENTRAINMENT
This chapter will detail the findings of the light opaqueness technique described in
Section 3.2 and tabulated in Table 3.1. The growth of the visible turbid cloud generated
from the entrainment of ambient water is elucidated in Section 4.1.

Section 4.2

investigates the entrainment velocity while Section 4.3 introduces a new parameter that
gives an indication of the intensity of entrainment. Section 4.4 discusses the implications
of this parameterization.
4.1 Dimensionless Area Growth
As stated in Section 3.2.1, the slope of the fractional area versus the
dimensionless front distance curve provides an indication of entrainment into the gravity
current (see also Hacker et al., 1996). In this chapter, Ax>0 is defined as the visible 2D
current area. Figure 4.1 shows these curves in the slumping and inertia-buoyancy phases
for three of the experimental runs. A' is initially zero (no current past the lock gate) and
increases as the current propagates and entrains ambient water. From Eq. (2.6) and Eq.
(4.2) (shown later), it can be shown that this slope and the entrainment coefficient, E, of
the MTT hypothesis are related. Clearly illustrated in Fig. 4.1, the slope (dA'/ dL or
dimensionless area growth) is constant; in fact, the average regression coefficient (R2) for
all linear fits of the experimental runs was over 0.99. Such findings agree with that of
Hacker et al. in which they determined that the slumping and inertia-buoyancy phases
produce a constant dimensionless area growth for a given initial reduced gravity.
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Figure 4.1. The fractional area (A') as a function of dimensionless front position (L) for
only the slumping and inertia-buoyancy phases. Data from only three of the experiments
(see the legend) are shown for purposes of clarity. Symbols represent the experimental
data and the lines represent linear fits to that data. The regression coefficients (R2) for
all the fits ranged from 0.96 to 1.00 with an average of 0.99 and a standard deviation of
0.01. Please note that only data for xN > 50 cm is analyzed.

Figure 4.2. Dimensionless area growth as a function of the experimentally measured
dimensionless density difference. dA'/dL was determined from the slopes of plots
similar to that shown in Fig. 4.1. The solid line represents the predictions of the
developed parameterization given in Eq. (4.1). The regression coefficient (R2) for the
parameterization is 0.84. The data is segregated on the basis of experimental lock height
(○ H0 = 15 cm; ◊ H0 = 21 cm; □ H0 = 25 cm).
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Also illustrated in Fig. 4.1 is that different initial reduced gravities yield different
dimensionless area growth, a concept explored further in Fig. 4.2.
The equation for the line shown in Fig. 4.2 is given in Eq. (4.1) as follows:
   a
dA '
 2.0  c
dL
 c


  0.5


(4.1)

   a 
where  c
 is the dimensionless density difference, and is related to the reduced

c



gravity through the gravitational constant g. The regression coefficient (R2) for this fit is
0.84.

From Fig. 4.2, it is evident that larger dimensionless density difference (or

equivalently reduced gravity) leads to more intense entrainment. Though perhaps viewed
as counterintuitive in that higher stratification is expected to damp entrainment, g'c is
directly proportional to the current front velocity, which instead intensifies entrainment.
The high shear between the current and the ambient increases the intensity of the K-H
billows, which is not to say that the density stratification has no effect. The dueling
nature of the effects of velocity and stratification will be discussed later in detail. Please
note that the conclusion that entrainment is a function of g'c is not in contradiction with
Hallworth et al. (1993 & 1996).

Indeed, only the dilution within the head was

investigated in those studies. It is possible for entrainment into the head to not be a
function of the g'c and the area growth of the entire current to be a function of g'c.
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As shown in Fig. 4.3, an unexpected trend is observed when considering the
viscous-buoyancy phase. The onset of the viscous-buoyancy phase is marked by a
dramatic increase in the dimensionless area growth. The rapid deceleration of the gravity
current when transitioning from the inertia-buoyancy phase to the viscous-buoyancy
phase causes a drastic increase in average current height with relatively minimal increase
in current length as illustrated in Fig. 4.4 and in the images in Fig. 4.5.

Figure 4.3. The fractional area (A') as a function of dimensionless front position (L) for
all propagation phases. Symbols represent the data from the experiments (see the
legend) tabulated in Table 3.1. Data from only two experiments are shown for purposes
of clarity.
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Figure 4.4. The typical evolution of the gravity current head height (h) as a function of
current length (xN) during the life of a current that experiences the viscous-buoyancy
phase. The experimentally obtained location of the viscous transition position is shown
by a vertical dashed line. Shown data is from Exp. 23 from Table 3.1.
(a)

(b)

(c)

Figure 4.5. Successive images (two-second intervals) of a propagating gravity current
immediately before and after the viscous-buoyancy phase transition. Note the small
front position increase compared to the large growth in head height. Images are from
Exp. 24 from Table 3.1. (b) Marks the transition into the viscous-buoyancy phase.
Experimental time from the removal of the lock and the nose position are: (a) 14 s and
302 cm, (b) 16 s and 309 cm, (c) 18 s and 313 cm.
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The increase in area growth in Fig. 4.3 is from a consideration of the mass and
momentum balance of the current. This area growth is not credited to the classical
mechanisms of entrainment. Albeit a subtle difference, visual observations indicate that
the current appears to move into the ambient, rather than the ambient being engulfed into
the current.

Despite similar relative motion, the controlling mechanisms differ

drastically, a type of dilution that was not investigated here. The visible K-H billows and
other turbulence structures are absent when the viscous-buoyancy phase is underway,
indicating that the only possible source of entrainment is the fluid overridden under the
raised current nose. As expected for the lower front velocities in the viscous-buoyancy
phase, the overhanging nose is visually less pronounced relative to the slumping and
inertia-buoyancy phases, indicating that the overridden fluid is minimal.
4.2 Entrainment Velocity
The next step in the analysis is to determine the effects of propagation on
entrainment velocity, we. Conservation of mass of the entire gravity current (from nose
to tail) can be solved to show:

we 

U dA
xN dxN

(4.2)

where U is the nose velocity and A is the side-view cross-sectional area of the current
measured through the light opaqueness technique. Please note that while dA/dxN and
dA'/dL are different quantities, they are proportional. The entrainment velocity as a
function of current length is shown in Fig. 4.6.
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Figure 4.6. The entrainment velocity (we) as a function of the current length (xN) for all
propagation phases. The symbols represent the data from the experiments (see the
legend) shown in Table 3.1. Data from only three experiments are shown for purposes of
clarity.

Interestingly, it was found that factors controlling the entrainment velocity differ in each
propagation phase:
Slumping Phase. Figure 4.7 shows the entrainment velocity as a function of nose velocity
for currents in the slumping phase. It is clear that the nose velocity has little to no effect
on entrainment velocity in the beginning of the slumping phase. Rather, the entrainment
velocity is primarily determined by the initial density difference and lock height. After
some time, a trend begins to develop and the entrainment velocity becomes highly
dependent on the nose velocity, a trend that is evident for the lower velocities within the
slumping phase of each experimental run, as illustrated by the dashed lines. This occurs
when the slumping phase begins to transition into the inertia buoyancy phase.
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Figure 4.7. The entrainment velocity (we) as a function of current nose velocity (U) for
the slumping phase only: (a) All three lock heights with CM = 100 g/L, (b) All three lock
heights with CM = 400 g/L. Symbols represent the data from the experiments (see the
legends) shown in Table 3.1. Data from only six experiments are shown for purposes of
clarity.
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Inertia-Buoyancy Phase. As shown in Fig. 4.8, the entrainment velocity is strongly
dependent upon the nose velocity throughout the inertia-buoyancy phase.

Figure 4.8. The entrainment velocity (we) as a function of the current nose velocity (U)
during the inertia-buoyancy phase for all experiments. The solid line represents the
linear fit to the data given in Eq. (4.3). The regression coefficient (R2) for the fit is 0.86.
The data is segregated on the basis of lock height (○ H0 = 15 cm; ◊ H0 = 21 cm; □ H0 =
25 cm).

The equation for the line shown in Fig. 4.8 is given in Eq. (4.3) as follows,
we  0.056U  0.17

(4.3)

The regression coefficient (R2) for this fit is 0.86. Equation (4.3) indicates that although
the MTT entrainment hypothesis was envisioned for a different form of flow, it is still
loosely applicable in the inertia-buoyancy phase. Examining the waning portion of the
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inertia-buoyancy phase and the transition to the viscous-buoyancy phase, indicates that
entrainment velocity is zero when the nose velocity reaches below some critical value.
Viscous-Buoyancy Phase. Figure 4.6 illustrates that the entrainment velocity in the
viscous-buoyancy phase is negligible, despite the sharp increase in dA/dxN discussed
above. Examining Eq. (4.2), it is clear that the smaller U coupled with the relatively
large xN overcomes the area increase, yielding a relatively minimal entrainment velocity
in comparison to the preceding phases.
4.3 Entrainment Froude Number
For parameterization development, the entrainment velocity can be normalized as
a Froude number expressed as:

Fre 

we
g 'c xN

(4.4)

Henceforth, Fre is termed as the entrainment Froude number in that it provides a measure
of the severity of the entrainment. For example, a large Fre indicates a large entrainment
velocity penetrating a small current that is not strongly stratified. Conversely, a small Fre
indicates a low entrainment velocity entering a long current that is strongly stratified.
Figures 4.7 and 4.8 illustrate that the entrainment is controlled by both the
stratification and turbulence in the head.

It is well established that stable density

stratifications will inhibit mixing by damping out turbulence. It is also well established
that high turbulence encourages mixing: Britter & Simpson (1978) and Garcia & Parsons
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(1996) showed entrainment into the head is dependent on Re.

Thus, there is a

competition between the mixing suppressing Ri and mixing encouraging Re. This Re-Ri
competition was clearly observed in this study as shown in Fig. 4.9. The equation for the
line shown in Fig. 4.9 is given in Eq. (4.5).

we
H0
0.08

1.25
g 'c xN x0  1200 0.3 



 Re R i 

(4.5)

The regression coefficient (R2) for this fit is 0.95.

Figure 4.9. Entrainment Froude number multiplied by the lock aspect-ratio as a function
of competing Reynolds and Richardson number during the slumping and inertiabuoyancy phase for all experiments. The solid line represents the predictions of the
developed parameterization given in Eq. (4.5). The regression coefficient (R2) for the
parameterization is 0.95. The experimental data (symbols) is segregated on the basis of
lock height (○ H0 = 15 cm; ◊ H0 = 21 cm; □ H0 = 25 cm).
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Figure 4.10. (a) Entrainment Froude number multiplied by the lock aspect-ratio as a
function of only Reynolds number during the slumping and inertia-buoyancy phase for
three experiments. (b) Entrainment Froude number multiplied by the lock aspect-ratio as
a function of competing Reynolds and Richardson number during the slumping and
inertia-buoyancy phase for the same three experiments as in (a).
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The coefficients and exponent shown in Eq. (4.5) were found through the best fit of the
experimental data. In the initial stages of the gravity current a low Ri and large Re
indicates that the Ri term in Eq. (4.5) has a pronounced effect in the entrainment velocity
values, an intuitively appealing result. Because in the initial stages, the bulk of the
current is not yet thoroughly diluted and strong density stratification exists, some of the
instabilities created by the large velocity are effectively suppressed. After sometime
however, the decreasing Re is more significant than any existing stratification effects,
yielding to Re domination.
As illustrated in Figure 4.10, the inclusion of the Richardson number is necessary
in order to facilitate an acceptable collapse during the early stages of propagation. Figure
4.10 only shows three experimental series for clarity. Shown in Figure 4.10, in the early
stage of propagation different slopes are observed for the different experimental runs.
The inclusion of the Richardson number leads to similar slopes for the early stage of all
24 experimental runs. Also, the addition of the short-lived Richardson number term
significantly lowers the variation in the trend. The regression coefficient of the trend
without the Richardson number is 0.78, considerably lower than the regression
coefficient observed when including the Richardson number (0.95).
4.4 Reynolds – Richardson Competition
It is important to discuss the extent of the Re-Ri competition in determining the
entrainment characteristics as mentioned in the Section 4.3. The Ri effects only last for a
short period, a duration that corresponds to the propagation of the current in the early part
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of the slumping phase until the nose velocity assumes a dominant role in entrainment
characteristics (see Fig. 4.7). While temporally minor in comparison to the life of the
current, this transient period represents the time of the most intense entrainment. During
this period, the current has not yet developed a distinct constant-volume gravity current
body, but rather is more similar to a constant-flux current. The gravity current has a
head, which is constant-volume current feature, and a highly concentrated trailing flow,
which is not a feature of fully developed lock-exchange gravity currents. In this initial
adjustment phase, it is intuitively appealing that there is a balance between Re
dependence of the head (Britter & Simpson, 1978; Garcia & Parsons, 1996) and the Ri
dependence of the body (Ellison & Turner, 1959; Turner 1986; Van Kessel &
Kranenburg, 1996). Though the quantity of unmixed fluid mud present is sufficient for
maintaining a strong sharp density stratification, Re is at its highest during this phase
which results in a higher current nose and the creation of more intense K-H billows,
relative to the subsequent propagation (Britter & Simpson, 1978; Simpson & Britter,
1979; Garcia & Parsons, 1996; Parsons & Garcia, 1998). As the K-H billows are shed
behind the current head, the dilute body is gradually brought into existence. Once the
gravity current is fully developed with a body that is representative of constant-volume
gravity currents, the primary criterion for mixing is Re: this evolving relationship of the
relative importance of Re and Ri is reflected in Eq. (4.5).
While not unexpected, this Re and Ri competition determination is a complex and
dynamic ever-evolving relationship that is similar to the relationship explained by Felix
(2002). A higher initial reduced gravity will increase the velocity of the current (for this
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relationship as it applies to fluid mud, please see Chowdhury & Testik, 2011). This
larger velocity is accompanied by increased turbulence, in turn increasing the
rigorousness of the K-H billows and the height of the entraining current nose (Britter &
Simpson, 1978). This increased turbulence continuously mixes the particles within the
gravity current, thereby ensuring stability in the density stratification.
It is prudent to note at this point that the Ri gained from Eq. (3.1) is based on the
initial g'c. It can be argued that some local g'c should be used, an argument that may hold
some merit. However, Chapter 5 will show that the majority of dilution occurs during the
inertia-buoyancy phase, a finding that is in agreement with Cantero et al’s (2008)
numerical model. Thus, the initial g'c is adequate during the period in which Ri has the
most extreme impact on the restriction of ambient entrainment.

Upon the

commencement of the inertia-buoyancy phase, corresponding to considerable dilution of
the current head, the Ri effects are minimal and any error associated with this choice of
reduced gravity would be negligible. Further, it is a difficult endeavor to obtain local Ri
for transient constant-volume gravity currents in that this information is typically
unavailable for prototype gravity currents of interest. Therefore, it is more practical to use
the initial g'c in Ri calculations.
Hallworth et al. (1993 & 1996) found that initial reduced gravity is not a factor in
determining the extent of the fluid entrained into the head, discovered during their
dimensional analysis, in which no parameter other than g' had a dimension of time.
While kinematic viscosity was the only other relevant parameter that included the
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dimension of time, it was reasoned that the high Reynolds number in the head allows for
its exclusion. Though valid in a study centered on the head of a current, it is inapplicable
for a study that includes the body of the current. The slower velocities present in the
trailing body suggest that viscous forces are important throughout the life of the current,
resulting in an expectation of Re dependence. It has been shown that the viscosity of the
Newtonian ambient fluid is sufficient in describing the entrainment dynamics. As the
entrained fluid is Newtonian, parameterizing the mud-water shear-created turbulence
with a Newtonian Re is valid.
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CHAPTER FIVE
SIPHONING TECHNIQUE
This chapter describes the results of the siphoning technique results detailed in
Section 3.3. The group labels used throughout this chapter are defined in Table 3.2.
Section 5.1 presents the concentration profiles observed throughout the head and body.
Section 5.2 uses the algorithm described in Section 3.3.2 to create snapshots of the
propagating gravity currents allowing for a quantification of the dilution of the current.
5.1 CONCENTRATION PROFILES
All profiles presented in Fig. 2.2 were observed in the gravity currents in this
study. For the relatively low-concentration Group 1 (as referenced in Table 3.2) gravity
currents, a plume-like profile (Fig. 2.2d) was initially observed in the head. As the
current propagated, the plume-like profile gave way to the smooth profile (Fig. 2.2a).
The head of the intermediate-concentration Group 2 gravity currents, initially displayed a
lutocline profile (Fig. 2.2c) that eventually evolved into a plume-like profile and finally
into a smooth profile. For the high-concentration Group 3 & 4 gravity currents, a
lutocline profile in the gravity current head that terminated at the location of an abrupt
transition was observed. Settling throughout the current body resulted in the dominant
profile being a mix between the stepped profile (Fig. 2.2b) and the smooth profile (Fig.
2.2a). All concentration profiles were normalized by dividing the height above the tank
bottom, z, by the visible height of the current at the rake, hR, and diving the measured
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volume concentrations, C, by the initial volume concentration, Ci.

All profiles not

presented in the subsequent sections of Chapter 5 are presented in the Appendix.
5.1.1 Head Profiles
Figure 5.1 shows the dimensionless concentration profiles measured in the head
of the Group 1 gravity currents (CM = 150 g/L; Ci = 5.40%; H0 = 21 cm). The curves
shown in this figure are plotted using the following function form:

C  z   CB e

z
 
k

p

(5.1)

where CB is the concentration calculated at the bottom of the tank (i.e., z = 0) through a
curve fitting algorithm, p dictates the shape of the profile (hereinafter shape exponent),
and k is some dimensional constant (hereinafter spread constant). Equation (5.1) is
similar to the parameterization used to represent the concentration of buoyant plumes and
jets (Fischer et al., 1979; Wang & Law, 2002), with p = 2 and appropriate k constants.
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Figure 5.1. Dimensionless concentration profiles in the current head for six of the eight Group 1
experimental runs (CM = 150 g/L, Ci = 5.4%, H0 = 21 cm). For all profiles, the abscissa is defined as C/Ci
and the ordinate is defined as z/hR, as described in Section 5.1. The nose location of the current is given as
the title of each plot. The fit parameters shown in Eq. (5.1) are printed in each figure for that profile. CB/Ci
is dimensionless, p is dimensionless, and k is of dimension (cm).
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In the curve fitting algorithm, CB was restricted to vary between 95 and 110% of
the experimentally measured value at z = 0.5 cm. The motivation behind this band of
acceptable concentrations is that intuitively the concentration on the tank bottom should
be somewhat close to the value measured at 0.5 cm above the bed. All calculated CB
values were always found to be comfortably in the range of the restrictions, indicating
that the bounding values chosen did not play a significant role in the fit. The calculated p
exponent determines the shape of the profile: a p value of 2 indicates a plume-like profile
(Fig. 2.2d) while a p value of 1 indicates a smooth profile (Fig. 2.2a). Similar to the
procedure employed to find CB, the value of p was restricted to vary between 0.1 and 10
in the curve fitting algorithm. It was found that p was typically around 1 to 2, again
indicating that the chosen band of values was adequate. The k value gives some sort of
measure of the spread of the concentration when progressing further from the tank floor:
a lower k indicates that the concentration is more focused near the bottom boundary. The
dimensionless spatial variations of CB, p, and k during the head propagation are shown in
Fig. 5.2. First, it is clear from Fig. 5.2a that the decline in the CB values is minimal in
comparison to the decrease seen in the inertia-buoyancy phase.

The shape exponent

(Fig. 5.2b) decreases throughout the propagation, illustrating that the dense lower layer is
gradually mixed away yielding the smooth profile shown in the Fig. 5.1d. Overall, the
spread constant (Fig. 5.2c) decreases rather steadily over the propagation, indicating that
the dense fluid is increasingly centered near the bottom boundary.
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Figure 5.2. Evolution of the parameters presented in Eq. (5.1) for the experiments in
Group 1. These parameters were obtained using a curve fitting algorithm for the
concentration profiles in the current head. The dashed vertical lines represent the onset
of the inertia-buoyancy phase.

59

All three of the trends seen in Fig. 5.2 are intuitively appealing: after the slumping phase
the supply of unmixed dense fluid begins to wither, progressively leading to the
termination of the dense lower layer. As the entrainment and mixing in the current
compound, any remaining dense fluid is focused closer to the bottom boundary.
Equation (5.1) is similar to the equation used to parameterize the concentration
profiles observed in buoyant jets and plumes, in which p = 2 (Fischer et al., 1979; Wang
& Law, 2002). The Group 1 experiments begin with a p value of 2, indicating that the
initial concentration is plume-like.

This supports the parameterization put forth in

Section 4.3, in which the entrainment characteristics are a competition between the
stratification effects, represented by the Richardson number, and the turbulent effects,
represented by the Reynolds number. Initially, the stratification effects play a dominate
role in determining the entrainment characteristics and thus the Richardson number is the
dominant parameter. The entrainment into jets and plumes has been extensively
parameterized using the Richardson number (see Turner, 1986). However, as the gravity
current propagates the quantity of dense fluid in the head wans and viscous forces
stemming from the bottom boundary strengthen. This leads to a stray from the plumelike profile shape and from Richardson number importance. This further corresponds
with the relationship described in Eq. (4.5) expressing the diminishing influence of Ri.
As discussed in Section 2.5, Van Kessel and Kranenburg (1996) found that a fluid
mud density of 1150 g/L (corresponding to CM ~ 245 g/L and CV ~ 8.7% for the clay
used in that study) is sufficient to result in the development of a lutocline. Figure 5.3
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shows dimensionless concentration profiles in the head of the Group 2 gravity currents
(CM = 250 g/L; Ci = 8.71 %; H0 = 21 cm). As seen in Fig. 5.3a, a lutocline is observed in
the early stages of propagation but is gradually smoothed out. Because of the lutocline
seen in Fig. 5.3, it was found that Eq. (5.1) is not suitable to parameterize this initial
condition. After the lutocline has been mixed away, the concentration structure evolves
to the more plume-like profile seen in Fig. 5.3b and eventually into the smooth profile
seen in Fig. 5.3d. Following Fig. 5.3d to 5.3f reveals a relatively continuous transition
into the viscous phase.
The presence of a lutocline is more pronounced for the head profiles in Groups 3
& 4 (CM = 350 g/L; Ci = 11.8 %; H0 = 21 & 25 cm, respectively), as the initial fluid mud
concentration well surpasses that proposed by Van Kessel and Kranenburg (1996). The
dimensionless concentration profiles in the head of the Group 4 experiments are shown in
Fig. 5.4. This figure clearly illustrates the presence of a well-developed lutocline in the
slumping and inertia-buoyancy profiles.

The lutocline profile is considerably more

pronounced and severe than observed in the Group 2 experiments. As to be discussed in
more depth in Chapter 6, the termination of this lutocline is by means of an abrupt
transition.
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Figure 5.3. Dimensionless concentration profiles in the current head for six of the eight Group 2
experimental runs (CM = 250 g/L, Ci = 8.7%, H0 = 21 cm). For all profiles, the abscissa is defined as C/Ci
and the ordinate is defined as z/hR, as described in Section 5.1. The nose location of the current is given as
the title of each plot. The points are connected with straight lines; no curve fitting was done. The current
transitions into the viscous-buoyancy phase at xN = 329 cm. Please note the relatively (in comparison to
Fig. 5.4) smooth evolution of the profile while transitioning into the viscous-buoyancy phase.
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Figure 5.4. Dimensionless concentration profiles in the current head for six of the eight Group 4
experiments (CM = 350 g/L, Ci = 11.8%, H0 = 25 cm). For all profiles, the abscissa is defined as C/Ci and
the ordinate is defined as z/hR, as described in Section 5.1. The nose location of the current is given as the
title of each plot. The points are connected with straight lines; no curve fitting was done. The current
transitions into the viscous-buoyancy phase at xN = 298 cm. Please note the (in comparison to Fig. 5.3)
discontinuous evolution of the profile when transitioning into the viscous-buoyancy phase. This is
accredited to the abrupt transition observed in the current.
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5.1.2 Body Profiles
A mix between the smooth (Fig. 2.2a) and stepped profile (Fig. 2.2b) is the
primary behavior observed in the gravity current body. The evolution of the profiles in
the body for all experimental conditions indicates the tendency of the particles to settle.
An example of this is shown in Fig. 5.5, which is the concentration structure throughout
the current body for Exp. 36. The trend shown in Fig. 5.5 represents the transition from
the dense head to the loosely-structured tail. Please note the responsible mechanism for
the stepped profile observed by Garcia (1993 & 1994) was the presence of an abrupt
slope change. The slope change led to subcritical flow that allowed some particle
settling. The responsible mechanism for the body profiles observed in this study is the
negligible flow velocities that permit advanced particle settling.

64

Figure 5.5. Dimensionless concentration profiles in the current body (a-e) and head (f) for Exp. 36, (CM =
250 g/L, Ci = 8.7%, H0 = 21 cm). For all profiles, the abscissa is defined as C/Ci and the ordinate is
defined as z/hR, as described in Section 5.1. For (a-e), the rake location is given as the title of each plot.
For (f), the nose location is given as the title of the plot; this rake was located in the center of the current
head behind the nose. The points are connected with straight lines; no curve fitting was done. The current
is experiencing the slumping phase at the time of sampling.
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Concentration profiles in the body are difficult to model as there are a large range
of factors with significant impacts that cannot be individually evaluated.

A brief

qualitative discussion of the discernible trends observed through careful analysis of the
body concentration profiles will be given here. First, the dominant profile type observed
in head of the experimental condition was found to be important in determining the
profile observed in the body. More advanced settling in the current body was observed
for the lutocline profiles observed primarily in Group 3 and 4 than the plume-like Group
1 profiles. Three other primary factors in determining the concentration structure in the
body were the distance of the head from the sampling rake, the head velocity at the time
it passed the sampling rake, and the time elapsed since the head passed the sampling rake.
These three inseparable factors all play prominent roles in the profile observed in the
body.
The concentration structure in the body was found to depend upon the distance
behind the gravity current head. It was found that the near-floor concentration had a
tendency to stay near the value observed in the head for some distance behind the head,
then decrease throughout the body, and finally increase towards the tail. Since the body
supplies the dense fluid to the current head, there should be some fluid immediately
behind the head that is near the concentration present in the head. Lower concentrations
are observed throughout the majority of the body as the bulk of the dense fluid has
propagated downstream (feeding the current head). Particle settling encourages high near
floor concentrations at distances sufficiently far from the head.

The concentration

profiles throughout the body were also found to be dependent upon the head velocity at
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the time the head passed the rake position. If the head velocity was relatively high at the
instant it was passing the rake, settling was found to be less than if the head velocity was
low. However, the head velocity and distance between the head and rake cannot be
segregated from the associated temporal variations that promote settling. Clearly, more
work needs to be done for an accurate parameterization of the concentration structure in
the body.
5.2 DILUTION OF HIGH CONCENTRATION REGIONS
As explained in Section 3.3.2, in order to obtain the areas enclosed by the
different concentration contours, the discrete samples were used to create snapshots of
propagating gravity currents. The snapshots of the Group 1, 2, and 3 gravity currents
throughout propagation are presented in Figs. 5.6, 5.7, and 5.8, respectively.

The

fractional area of the current encased by the 5, 10, and 15% concentration contours
during the slumping and inertia-buoyancy phase is plotted against the dimensionless
length for Group 1, 2, and 3 and is shown in Figs. 5.9, 5.10, and 5.11respectively. The
dimensionless area growth that corresponds to the slopes of the 5 and 10% contours
shown in Figs. 5.9 – 5.11 is given in Table 5.1.
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Figure 5.6. Concentration contour evolution for Group 1 experiments (CM = 150 g/L, Ci
= 5.40%, H0 = 21 cm). The dashed contour was represents a contour <1% of the Ci value
as was obtained through the threshholding technique discussed in Section 3.2. The solid
contours represent 5, 10, 15, and 20% (higher value contour closer to the tank bottom) of
the initial Ci value. The scale at the bottom of the figure indicates lock lengths (i.e. each
rectangle being 1 lock length). The figures are exagerated by a factor of two in the zdirection for the purposes of visualization.

68

Figure 5.7. Concentration contour evolution for Group 2 experiments (CM = 250 g/L, Ci
= 8.71%, H0 = 21 cm). The dashed contour was represents a contour <1% of the Ci value
as was obtained through the threshholding technique discussed in Section 3.2. The solid
contours represent 5, 10, 15, and 20% (higher value contour closer to the tank bottom) of
the initial Ci value. The scale at the bottom of the figure indicates lock lengths (i.e. each
rectangle being 1 lock length). The figures are exagerated by a factor of two in the zdirection for the purposes of visualization.
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Figure 5.8. Concentration contour evolution for Group 3 experiments (CM = 350 g/L, Ci
= 11.8%, H0 = 21 cm). The dashed contour was represents a contour <1% of the Ci value
as was obtained through the threshholding technique discussed in Section 3.2. The solid
contours represent 5, 10, 15, and 20% (higher value contour closer to the tank bottom) of
the initial Ci value. The scale at the bottom of the figure indicates lock lengths (i.e. each
rectangle being 1 lock length). The figures are exagerated by a factor of two in the zdirection for the purposes of visualization.
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Figure 5.9. Fractional area as a function of dimensionless length at different contours in
the slumping and inertia-buoyancy phase for Group 1 experiments (CM = 150 g/L, Ci =
5.40%, H0 = 21 cm). The slopes and regression coefficients of the 5 and 10% countour
curves are presented in Table 5.1. The acquisition of the <1% contour curve was
discussed in Section 3.2.

Figure 5.10. Fractional area as a function of dimensionless length at different contours in
the slumping and inertia-buoyancy phase for Group 2 experiments (CM = 250 g/L, Ci =
8.71%, H0 = 21 cm). The slopes and regression coefficients of the 5 and 10% countour
curves are presented in Table 5.1. The acquisition of the <1% contour curve was
discussed in Section 3.2.
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Figure 5.11. Fractional area as a function of dimensionless length at different contours
in the slumping and inertia-buoyancy phase for Group 3 experiments (CM = 350 g/L, Ci
= 11.8%, H0 = 21 cm). The slopes and regression coefficients of the 5 and 10%
countour curves are presented in Table 5.1. The acquisition of the <1% contour curve
was discussed in Section 3.2.

Table 5.1. Dimensionless area growth (dA'/dL) calculated from graphs shown in Figs.
5.9 - 5.11.

Group
1
2
3

CM
Ci
H0
5% Ci
10% Ci
(g/L) (%) (cm) Contour Contour
150
250
350

5.4
8.7
11.8

21
21
21
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0.13
0.10
0.02

0.06
0.06
0.01

As presented in Table 5.1, it was found that the larger initial reduced gravities
lead to smaller dimensionless area growth for the 5 and 10% contours, a finding that is in
agreement with that of Hacker et al. (1996). The analysis in Section 4.1 yielded the
finding that larger g'c results in larger dimensionless area growth of the visible boundary.
The opposite influence of g'c is explained as follows: a high g'c results in higher front
velocity, in turn resulting in higher shear and therefore more intense K-H billows. These
billows are the source of the increased visible boundary growth. On the other hand, as g'c
increases the boundary between the dense underflow and the dilute overflow becomes
more pronounced; this behavior may be compounded through the presence of a lutocline.
This boundary, which represents a density stratification, inhibits mixing into the dense
underflow thereby resulting in lower dimensionless area growth values for high
concentration contours. This can be confirmed by comparing Fig. 5.6 to Fig. 5.8. In Fig.
5.6, which shows the snapshots of the lower concentration flow, the density gradient is
notably less severe, indicating that not only is ambient fluid being entrained into the
current, but it is also mixing with the higher concentration regions. This dynamic is in
contrast to Fig. 5.8 in which length increases in the higher concentration region is always
accompanied by height decrease. The magnitude of the height decrease is large enough
to nullify any area growth that stems from the length increase.
The reverse effect of the initial reduced gravity on the dense underflow and the
visible boundary has serious practical implications. Consider for example dredging
operations: if one is primarily concerned with the environmentally harmful turbid cloud,
the visible boundary must be considered.

73

On the contrary, if the dredged material

contains contaminants, the growth or abatement of the dense underflow is of utmost
importance.
5.2.1 Influence of Mixing on Profiles
Both Hallworth et al. (1993 & 1996) and Hacker et al. (1996) studied the density
structure inside homogenous constant-volume gravity currents, but reached different
conclusions in regard to the extent of mixing inside the current head during the slumping
phase. Hallworth et al. found that no dilution occurs in the head during the slumping
phase, which was unequivocally contradicted by Hacker et al. The profiles collected in
this study indicate that the head is diluted in the slumping phase, but only minimally. As
shown in Fig. 6a, that while the head is slightly diluted during the slumping phase, most
of the dilution occurs during the inertia-buoyancy phase. This result can be rationalized
by considering that during the slumping phase dense fluid is supplied to the head from
the body of the current, a claim that is supported by Fig. 5.5. As discussed by Hacker et
al., the fluid inside a gravity current is perpetually circulated. As the current propagates,
some dense fluid is shed through K-H billows and is absorbed by the trailing body. The
body is feeding the least mixed fluid to the head, leading to the gradual dilution of the
entirety of the current. During the early stages of propagation, enough dense fluid exists
in the body to lessen the dilution of the head that is caused by the fluid overrun by the
nose. However, once the relatively unmixed fluid from the body is depleted, the fluid
being supplied to the head is already diluted to some extent. This dilute fluid coupled
with the ambient fluid being overrun by the nose is the reason for the steep drop off seen
in Fig. 5.2a.
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Van Kessel and Kranenburg (1996) presented concentration profiles with a
lutocline similar to the ones observed in this study (Fig. 5.4), crediting this behavior to
the non-Newtonian nature of the fluid mud in that the viscosity suppresses turbulence.
This in turn, coupled with the strong stratification observed in Fig. 5.8, suppresses mixing
and entrainment in this dense layer, effectively allowing the lutocline to persist. Van
Kessel & Kranenburg found that the lutocline is only present when the fluid mud density
is greater than 1150 g/L. As shown in Table 3.2, the initial density of the Group 2
experiments was on average 1135 g/L. This density, being close to the critical density for
lutocline presence, is the reason that lutocline, plume-like, and smooth profiles were
observed.

Initially, the concentration and associated viscosity is high enough to

encourage the development of a lutocline; however, as the current entrains ambient water
and mixes, the concentration drops to a value that can no longer support a lutocline. As
the dense layer gets more diluted, it is increasingly susceptible to mixing and
entrainment, causing a continuous transition to the smoother profile as can be seen in Fig.
5.3e.

75

CHAPTER SIX
ABRUPT TRANSITIONS
This chapter describes the results of the visual observation finding detailed in
Section 3.4 and tabulated in Table 3.3. Section 6.1 presents a parameterization that
represents the location of the deposited snout associated with the abrupt transition.
Section 6.2 discusses the lutocline observed in the concentration profiles and its
relationship to the observed abrupt transitions. Lastly, the findings of Chapter 5 are
revisited and further matured in Section 6.3.
6.1 DEPOSITED SNOUT
The visual observation experiments shown in Table 3.3 were undertaken in order
to further elucidate the phenomenon of abrupt transitions as discussed in Section 2.6. An
image of the deposited snout is Fig. 6.1.

Figure 6.1. Close-up image of the abrupt transition and associated snout. The dark
section near the tank floor is the stationary deposited lower layer. The rest of the image
encompasses the dilute cloud that is propagating above the deposited snout (not
discernible due to the light and camera settings needed to capture the snout).
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As shown in Table 6.1, abrupt transitions were observed for all experiments with initial
fluid mud concentrations of CM ≥ 300 g/L (CV ≥ 0.103). All of these experiments also
exhibit an inertia-buoyancy phase.

Table 6.1. Results of the complimentary visual experiments tabulated in Table 3.3. xT is
the location of the abrupt transition, x* is the experimental observed slumping phase to
inertia-buoyancy phase transition distance, x** is the experimental observed inertiabuoyancy phase to viscous-buoyancy phase transition distance. xT, x*, and x** are all
measured from the lock gate as defined in Fig. 3.1. x* and x** were gained through
analysis of propagation curves. A dash indicates that no abrupt transition or viscousbuoyancy phase was observed.
Exp.
#
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

CM
(g/L)
200
250
300
350
400
200
250
300
350
400
200
250
300
350
400

g'a
(m/s2)
1.18
1.37
1.63
1.86
2.10
1.18
1.37
1.63
1.86
2.10
1.18
1.37
1.63
1.86
2.10

xT
(cm)
271
251
231
305
294
240
327
307
295

x*
(cm)
229
240
242
233
236
235
237
243
263
232
252
247
231
243
240

x**
(cm)
365
301
273
255
239
329
306
298
245
330
308
295

Table 6.1 illustrates that Amy et al.’s (2005) hypothesis that the abrupt transition
is a result of a direct transition from the slumping phase to the viscous buoyancy phase
(bypassing the inertia-buoyancy phase) is not valid for this non-Newtonian fluid mud
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application. This disagreement with Amy et al.’s hypothesis is credited to the presence of
the lutocline in the high concentration flows.
The important dimensional parameters that govern the abrupt transition location
from the lock gate, xT, are g'a, x0, H0, and t** (see Eq. 2.4). Dimensional analysis leads to
the dimensionless abrupt transition location (xT/x0) relationship as follows:



xT
t **
~
x0
 x0
g 'a H 0
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(6.1)

Here, φ, φ', and φ'' represent functions. In Fig. 6.2, experimental xT/x0 observations are
plotted against β, which can be viewed as some form of Reynolds number. This figure
indicates a linear functional dependency, as shown by the fitted solid line in Fig. 6.2,
given as follows:

xT
 0.62  6.60
x0
The regression coefficient (R2) for Eq. (6.2) is 0.95.
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(6.2)

Figure 6.2. Dimensionless transition distance as a function of β, as defined in Eq. (6.1).
The solid line represents the predictions of the developed parameterization given in Eq.
(6.2). The regression coefficient (R2) for the parameterization is 0.95. The experimental
data (symbols) is segregated on the basis of lock height (○ H0 = 15 cm; ◊ H0 = 21 cm; □
H0 = 25 cm).

6.2 LUTOCLINE EFFECT ON ABRUPT TRANSITIONS
It is recognized that the relationship shown in Eq. (6.1) is essentially t** from Eq.
(2.4) divided by t* from Eq. (2.2). This same ratio was considered by Amy et al. (2005),
but the rationale of that study and this one are decisively different. Amy et al.’s use of
this time ratio was justified by assuming that there is a dynamic propagation phase
change (i.e. the absence of the inertia-buoyancy phase), indicating that t**/t* should be
unity. However, in this study t**/t* is found well upwards of unity indicating that the
bypass of the inertia-buoyancy phase does not occur here.
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Thus, this present work extends the finding of Amy et al., in that a separate
mechanism, namely the presence of a lutocline, can be the root of an abrupt transition.
The concentration required for an abrupt transition found in this study coincides with the
concentration required for the development and perseverance of a lutocline.

The

lutocline-developed abrupt transition explains the vast disparity between the Ci needed
for an abrupt transition in this study (Ci > 10.3%) and in Hallworth & Huppert’s (1998)
study (Ci > 27.5%). Hallworth & Huppert’s comparatively extreme concentration value
was most likely necessary because only concentrations above this value featured high
enough viscosities to allow the viscous-buoyancy phase to occur at the end of the
slumping phase.

As this study features non-Newtonian fluid mud, such high

concentrations were not necessary and it was uncovered that the presence of a lutocline
can trigger an abrupt transition. Thus, the discussion of Amy et al. on the possibility of
abrupt transitions occurring in natural flows lacks the prospect of a lutocline-developed
abrupt transition. The possibility of this phenomenon occurring in natural flows warrants
an investigation of its own.
6.3 EFFECT OF ABRUPT TRANSITIONS ON CONCENTRATION STRUCTURE
With the knowledge that abrupt transitions occur only for CM > 300 g/L, some of
the results of the siphoning experimental set discussed in Chapter 5 can be revisited and
further developed. No abrupt transition or deposited snout was observed for the Group 2
experiments, as the initial fluid mud concentration (250 g/L) was lower than 300 g/L.
This is reflected in both the concentration profiles and the gravity current snapshots.
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A smooth transition into the viscous buoyancy phase can be seen when viewing
the Group 2 concentration profiles in the gravity current head (following Fig. 5.3c to 5.3e
& f). However, when following the progression of the Group 4 head concentration
profiles through the inertia-buoyancy phase/viscous-buoyancy phase transition, a
discontinuous succession is observed (following Fig. 5.4c to 5.4e & f). This behavior
also accounts for the considerably larger normalized concentration values measured in
the viscous-buoyancy phase of the Group 2 experiments than measured in the viscousbuoyancy phase of the Group 4 experiments (comparing Fig. 5.3e & f to Fig. 5.4e & f).
The abrupt transition observed in the latter of the above experiments, caused the
detachment of the buoyancy-driven dilute cloud, thus creating the smaller measured
concentrations.
The gravity current snapshots also reflect the abrupt transition. Fig. 5.8, which is
the propagation of the Group 3 currents, demonstrates that for the higher initial reduced
gravity, the dense layer effectively stops at the transition location between the inertiabuoyancy and viscous-buoyancy phase. This is then followed by the movement of a
visible cloud of relatively minimal concentration. This dynamic is in contrast to Figs. 5.1
and 5.2, which shows the presence of a dense lower layer underneath the visible <1%
contour for the entire duration of propagation.
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CHAPTER SEVEN
CONCLUSIONS
Section 7.1 highlights the major findings of this study, while Section 7.2 provides
recommendations for future research.
7.1 CONCLUSIONS
This study entailed an exhaustive experimental campaign that analyzed constantvolume fluid mud gravity currents. Three experimental series were completed. First, a
light-opaqueness technique was developed that allowed for the quantification of ambient
water entrainment. Second, a siphoning technique was employed that allowed for a
pioneer look into the concentration structure of non-Newtonian fluid mud gravity
currents. Lastly, visual observations were conducted to investigate the abrupt transition
phenomenon.
For the quantification of the dimensionless area growth, entrainment velocity, and
an entrainment Froude number as defined in Eq. (4.4), a light opaqueness technique was
employed.

Twenty four laboratory experiments in a lock-exchange set-up were

conducted, allowing for the effects of the initial reduced gravity and the lock aspect ratio
to be taken into consideration. In agreement with Hacker et al. (1996) for Newtonian
saline gravity currents, the fractional area of the non-Newtonian fluid mud gravity current
was determined to be a linear function of the dimensionless front position for the
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slumping and inertia-buoyancy phases. It was also found that this dimensionless area
growth was a function of the initial reduced gravity of the intruding fluid.
Further, it was discovered that the entrainment velocity is primarily a function of
g' and the lock aspect-ratio in the early portions of the slumping phase. After this nonestablished zone (i.e. early part of the slumping phase), the entrainment velocity is chiefly
a function of the nose velocity; this dependence lasted until the end of the inertiabuoyancy phase. It is hypothesized that the adjustment period in the non-established
zone was a result of density stratification effects, parameterized by the Richardson
number presented in Eq. (3.2). In this zone, the dilute body of a constant-volume gravity
current archetype is not yet fully developed; instead the current body resembles that of a
current developed from a continuous source of dense fluid, causing a marked
stratification in density. This similarity to continuous source gravity currents coincides
with the period of highest entrainment, eventually leading to a diluted body and a
Reynolds number dependence.

Thus, a competition between the entrainment-

encouraging Reynolds number and entrainment-restricting Richardson number was
uncovered, and a semi-empirical parameterization was developed to predict entrainment
velocity of ambient fluid into non-Newtonian suspension gravity currents (see Eq. (4.5)).
To gain an in-depth look at the concentration structure of constant-volume nonNewtonian fluid mud gravity currents, a siphoning technique was employed in the second
experimental series. In regard to the concentration profiles in the head, it was found that
the shape of the profile is heavily dependent upon the initial concentration of the fluid
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mud. Low initial concentration gravity currents develop a plume-like profile (Fig. 2.2d)
in the head that gradually evolves into a smooth profile (Fig. 2.2a).

High initial

concentration gravity currents display a lutocline profile (Fig. 2.2c) in the current head
similar to the one presented by Van Kessel & Kranenburg (1996), while the head of
intermediate initial concentration gravity currents display characteristics of lutocline,
plume-like, and smooth profiles. The concentration profiles observed in the gravity
current body were found to be heavily dependent on a large number of factors, including
but not limited to the distance from the current head, the velocity of the current head at
the instant it passed that position in the body, and the predominant profile observed in the
head of that experimental condition (i.e. plume-like or lutocline profile). Overall, the
vast majority of the concentration profiles in the body exhibited a mix between the
smooth (Fig. 2.2a) and stepped profile (Fig. 2.2b) that was the result of advanced particle
settling.
The siphoned samples were used to create snapshots of the concentration structure
of propagating gravity currents.

This allowed for the evaluation of ambient water

entrainment into contours of 5 and 10% of the initial concentration.

This exercise

showed that higher reduced gravities result in a less rapid area growth for the high value
concentration contours; this finding is in contrast to the conclusion that higher reduced
gravities result in a more rapid area growth rate for the visible turbid cloud. This
disparity is accounted for by considering that higher initial reduced gravities exhibit more
frequent K-H billows, causing the advanced visual cloud growth. On the contrary, the
high initial reduced gravities are accompanied with a more stratified flow in which the
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higher concentration regions are less likely to receive and mix the entrained fluid. This
has legitimate and profound practical applications as discussed in Chapter 5.
The occurrence and location of abrupt transitions was investigated using visual
observation experiments in the third experimental series. For gravity currents with initial
fluid mud concentration of Ci > 10.3%, abrupt transitions developed; the sudden drop out
of the bulk of the gravity current created a visible deposited snout of sediment. Fifteen
experiments were completed with the intent of analyzing the location of the abrupt
transition, nine of which exhibited an abrupt transition. The location of the abrupt
transitions can be well-modeled using the relationship shown in Eq. (6.2).

It is

hypothesized that the observed abrupt transition for fluid mud gravity currents is due to
the presence of a lutocline.
7.2 FUTURE WORK
This study explored some of the complexities involved with constant-volume nonNewtonian gravity currents. It is imagined that the work presented here will instigate
more endeavors into elucidating this complicated and relatively underdeveloped
fundamental fluid mechanics problem. Some of the areas that still need investigation are
as follows:
1. The entrainment into constant-flux fluid mud gravity currents. To date, no
analysis of the entrainment into fluid mud gravity currents has been reported
that includes the gravity current head. A similar analysis as employed in
Chapter 4 on constant-flux gravity currents would provide more insight into
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the turbidity generated from coastal dredge disposal operations. This analysis
would greatly benefit from the development of an accurate and economical
method of measuring the gravity current velocity profile. However, this is not
a trivial task as the presence of the clay particles renders many of the
conventional velocity measurement techniques inaccurate (such as micropropellers, ADVs, and ADCPs).
2. The effect of slope on entrainment and the concentration structure of fluid
mud gravity currents. It is known that channel slope has an impact on the
propagation dynamics of constant-volume gravity currents. However, the
impact of slope on the entrainment of ambient and the concentration structure
(most interestingly the development of a lutocline) is yet to be explored.
3. Accurate parameterizations of the concentration structure in non-Newtonian
gravity currents. An investigation that employs the light attenuation technique
explained by Cenedese & Dalziel (1998) would be quite fruitful. In order for
study of that nature to be successful, an appropriately translucent nonNewtonian fluid must be utilized.
4. Abrupt transitions in a 3D arrangement. It is hypothesized that an abrupt
transition may be a factor in the mound formation seen often seen in dredge
disposal operations. To date, there is no study observing abrupt transitions in
a 3D configuration.

86

APPENDICES
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APPENDIX A
CONCENTRATION PROFILES
This appendix will present all concentration profiles not previously presented in
Chapter 5. For all profiles, the abscissa is defined as C/Ci and the ordinate is defined as
z/hR, as described in Section 3.1. The rake location of the current is given as the title of
each plot. The points are connected with straight lines; no curve fitting was done.
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